the Americas could be infected by ZIKV in 2016. Without effective intervention, the situation has considerable potential to worsen, due in part to the upcoming 2016 Summer Olympics in Rio de Janeiro as well as anticipated mosquito abundance increases caused by an ongoing El Niño.
ZIKV has been detected in serum, saliva, urine, and semen 12, 13, 14 . It has also been detected in urine and semen even after it disappears from blood 15 and in one convalescent case it was detected in semen 27 and 62 days after onset of febrile illness 14 . Recent studies
show that ZIKV can be transmitted via sexual contact. It was reported that an infected male had infected a female by having vaginal sexual intercourse, even before his onset of symptoms 16 . The study of the ZIKV outbreak on Yap Island 1 indicates that cases occured among all age groups, but the incidence of ZIKV disease was highest among persons 55 to 59 years of age with the mean age of 36 years and 61% female. Since ZIKV infections are mostly asymptomatic or have mild symptoms lasting two to seven days, the disease has little impact on sexual activity 18 . If ZIKV is sexually transmissible, then it is necessary to abstain from sexual activity or consistently use condoms during convalescence and the CDC issued interim guidance on safe sex during a Zika outbreak 21 . This is particularly important to pregnant women in areas where the ZIKV is circulating.
Results
Modeling. Mathematical modeling has become a crucial tool in desigining prevention and control measures for infectious diseases 22, 23 . To investigate the role of sexual transmission in the spread and control of Zika virus disease, we developed a deterministic model of Zika disease transmission that takes into account both mosquito-borne and sexual transmission modes (Fig. 1) . Symptomatically infected humans are contagious to both mosquitoes and humans during the incubation period that is typically between 2 and 7 days. This is because the viremia and virusemenia occur before the end of the incubation period, although the viral load of exposed (presymptomatic) people may be lower 16 . After this period, infected humans develop symptoms. Symptomatic humans are more contagious to mosquitoes than exposed individuals and are also able to transmit the virus to partners through sex 18 . The virus appears to persist longer in semen and urine than in serum 15, 14 . Following the period of viremia, symptomatic humans enter the convalescent stage and can no longer infect mosquitoes. However, such individuals remain infectious to humans, though with reduced infectivity. The infected humans' convalescent period ends with lifelong immunity. Sexual transmission of ZKIV from asymptomatically infected humans has not been documented, so they are assumed to be noninfectious to humans. The timescale of human demography is far longer than that of the epidemiological dynamics, so we ignore human births and deaths when modeling an outbreak.
We make the following additional assumptions: (i) Mosquitoes cannot be infected by biting asymptomatically ZIKV infected people; (ii) The sexual ratio of humans is 1:1 and male and female are subject to almost the same epidemiological factors; (iii) The end of the viremic period coincides with the disappearance of symptoms in symptomatically infected individuals (see Fig. 1 ). An individual may progress from susceptible (S h ) to asymptomatically infected (A h ) to recovered (R h ), or exposed (E h ) to symptomatically infected (I h1 ) to convalescent (I h2 ) to recovered (R h ), while a mosquito may progress from susceptible (S v ) to exposed (E v ) to infectious (I v ).
Parameter estimates. All parameter descriptions and ranges are summarized in Table   1 . To parameterize our model, we used reasonable epidemiological parameters based on our current understanding of Zika epidemiology and transmission dynamics. The average sexual frequency over sexually active ages is twice a week and the frequency of sexual intercourse over all age groups is assumed to be once a week 26 . The sexual transmission rate of symptomatically infected people (transmission probability × contact rate), β, is assumed to range from 0.001 to 0.10, which means the transmission probability per sex act is between 0.007 (mild infectivity) and 0.70 (severe infectivity).
Fitting Zika data in Brazil, Colombia and El Salvador. To use our model to fit the reported ZIKV cases up to February 27, 2016 , in Brazil, Colombia, and El Salvador (see Fig. 2 (A)), we assumed that the three countries share common parameter values (see Table 1 ), except for country population size and initial conditions (see Table 2 ). Since large scale mosquito-control campaign has been taken in these Zika affected countries, we assumed that the ratio of mosquitoes to humans m is time-dependent and used a cubic spline function of time with n m parameters to describe m(t). Table 2 .
Estimation of the basic reproduction number. Based on parameter ranges in Table 1 , we used the Latin hypercube sampling method 36 To identify the key factors that determine the magnitude of the basic reproduction number, we performed global sensitivity analysis (see Fig. 3 (B)) with 1,000 random sample uniformly distributed in the range of parameter values from Table 1 and 1,000 bootstrap replicates 37 . The basic reproduction number is most sensitive to mosquito biting rate and mortality rate. Note that even the vector-control and bitting pretection measures are successful, if the human-to-human sexual transmission probablity is very high, then the disease still could persist in the population and the outbreak could be prolonged. Table 1 .
Attack Rate. Attack rate or attack ratio z is the fraction of the population that becomes infected, which is also an important concept in measuring the transmission of infectious diseases.
To identify the key factors that affect the attack rate, we performed global sensitivity analysis (see Fig. 5 ) with 1,000 random sample uniformly distributed in the range of parameter values from Table 1 and 1,000 bootstrap replicates. The attack rate is also most sensitive to mosquito biting rate and mortality rate. The contour plot of the attack rate in terms of two of the three controllable parameters: β (transmission rate of symptomatically infected humans to susceptible humans), m (ratio of mosquitoes to humans), and a (mosquito biting rate). All parameter values are given in Table 1 .
Numerical Scenarios. In Table 3 Fig. 4 and 6 . R p = R hh /(R hh + R 2 hv ) and z p = z hh /z are the percentage of contribution by sexual transmission in the basic reproduction number and attack rate, respectively. 
Discussion
Lacking data on early dynamics to dissect the contributions from different transmission routes of ZIKV, we designed a SEIR-type model based on classic epidemic theory 22 and studied the impact of sexual transmission on the prevention and control of the mosquitoborne ZIKV. As a result, we considered here the exponential growth dynamics of ZIKV infection. In contrast, sub-exponential growth dynamics for sexually-transmission diseases has been reported previously 40 . By using reasonable ranges of parameter values, 
Methods
Mathematical Model. Human population is divided into six classes: susceptible (S h (t)), exposed (E h (t)), symptomatically infected (I h1 (t)), convalescent (I h2 (t)), asymptomatically infected (A h (t)), and recovered (R h (t)) at time t > 0, and the mosquito population is divided into three classes: susceptible (S v (t)), exposed (E v (t)), and infectious (R v (t)), respectively. N h = S h + E h + I h1 + I h2 + A h + R h denotes the total number of humans and N v = S v + E v + I v denotes the total mosquito population, both are assumed to be constant. We use the SEI type of structure for mosquitoes and SEIR type of structure for humans 22, 23 . Based on the assumptions, the ZIKV transmission dynamics between humans and mosquitoes are governed by the following model equations:
Basic reproduction number. To understand the transmission dynamics, we analyzed the basic reproduction number R 0 , which is defined as the number of secondary cases produced by a single infective individual during his/her infectious period in an otherwise wholly susceptible population 22 . R 0 is a central concept in measuring the transmission of infectious diseases. For our Zika model, it is given by
where Plug-and-play inference framework. The monthly report cases are obtained as
ργ h1 I h1 dt, where ρ denotes reporting ratio. We assume that the observed monthly cases (both confirmed and suspected) C i is a random sample from a Negative-
, where n and p denote the size and probability of the NB distribution, and τ 1 denotes an over-dispersion parameter which will be estimated. The mean and variance of the NB distribution are given by We use iterated filtering based plug-and-play inference framework 32, 33, 34, 35 to estimate θ 1 via maximizing L overall . Also, we need the following assumptions to keep our model as simple as possible. First, many parameters in the model could be time-dependent. For simplicity, we focus on the scenario that the mosquito-human population ratio m is varying over time and use a cubic spline function to model m(t). Second, we assume that the three countries share common parameter values, except for country population size and initial conditions. Third, for parameters listed in Table 1 , we use parameter values given there except for m, which we assume a cubic spline function of time with n m parameters. Finally, with the two additional parameters, reporting rate ρ and over-dispersion parameter τ 1 , the number of parameters (N p ) to be fitted is n m + 2. We use Bayesian Information Criterion BIC = −2 log L + N p log N d to measure goodness-of-fit for models, where N d denotes number of data points and N p denotes number of free parameters.
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